The nonphysiological placental oxidative environment has been implicated in many complications during human pregnancy. Oxygen tension can influence a broad spectrum of molecular changes leading to alterations in trophoblast cell lineage development. In this study, we report that mouse wild-type trophoblast stem cells (TSCs) react to low oxygen (3% %) with an enhanced differentiation into the giant cell pathway, indicated by a downregulation of the early stem cell markers Eomes and Cdx2 as well as by a significant upregulation of Tfap2c and the differentiation markers Tpbpa and Prl3d1. Here we demonstrated that connexin 31/GJB3-deficient TSCs failed to stabilize HIF-1A under low oxygen, resulting in nonresponsiveness of different marker genes, such as Cdx2 and Eomes and Tfap2c and Tpbpa. Moreover, connexin 31-deficient TSCs revealed a shift in giant cell differentiation from Prl3d1 expressing parietal giant cells to Ctsq, Prl3b1, and Prl2c2-positive giant cells, probably sinusoidal and canal lining trophoblast giant cells. Thus, loss of connexin 31 led to different giant cell subtypes which bypass the progenitor regulators Tfap2c and Tpbpa under low oxygen conditions. connexin 31, gap junctions, hypoxia, placenta, TFAP2C, trophoblast cell lineage, trophoblast stem cells
INTRODUCTION
Extraembryonic tissues, in particular the placenta, are fundamental to ensuring growth and survival of the embryo during intrauterine development in placental mammals. Abnormalities in human placental development are associated with various pregnancy complications such as spontaneous abortion, miscarriage, pre-eclampsia, and HELLP syndrome (Haemolysis, Elevated Liver enzyme levels, Low Platelet count). As it became obvious that placental disturbances are associated with diseases in later life [1, 2] , placental lineage development has attracted mainstream attention. Besides transcriptional factors [3] [4] [5] , structural proteins such as cellcell communication channels contribute to trophoblast lineage differentiation and placental function [6] .
Gap junctions mediating direct cell-cell interactions are composed of two hemichannels (connexons), which are formed by six protein subunits called connexins (CX). Twenty connexin genes have been identified in the mouse genome [7, 8] . Connexin channels mediate the exchange of ions, second messengers (cAMP, cGMP, IP 3 ), small metabolites such as glucose or amino acids, and small interfering RNAs between cells [9] . Connexin proteins can directly or indirectly influence the production of cell cycle regulators independently of their channel activity (for a review, see ref. [10] ). The C terminus of a connexin undergoes posttranslational modifications and exhibits binding sites for numerous cytoplasmic proteins and thus interacts with intracellular signal cascades [11] [12] [13] [14] . CX26 (GJB2), CX31 (GJB3), CX31.1 (GJB5) and CX45 (GJC1) play an important role in murine placental development as demonstrated by mice deficient for these connexin genes [6] .
As reviewed by Kibschull et al. [6] , only Cx31 and Cx31.1 are involved in mouse trophoblast cell lineage development. After implantation, both connexins are expressed exclusively in the diploid cells of the postimplantation trophoblast, the ectoplacental cone. During placental development, both connexins are characteristic of the chorionic plate, as well as for the spongiotrophoblast, and become restricted to glycogen cells of the placenta during late pregnancy. Deletion of these genes led to embryonic and placental growth retardation, resulting in death of approximately two-thirds of the Cx31 and one-third of the Cx31.1-deficient concepti between Embryonic Day (E)10.5 and E13.5 [6, 15, 16] . Trophoblast stem cells (TSCs) derived from Cx31 knockout mice confirmed that the CX31 channel has a direct influence on TSC maintenance as loss of CX31 led to an enhanced differentiation of TSCs into the giant cell pathway and a decline in TSC proliferation [17] . However, the mechanism of interaction between the CX31 protein, whether on its own or as a part of the channel, and the signaling cascades for TSC maintenance and differentiation remains elusive.
The first terminally differentiated cells of the trophoblast lineage are the trophoblast giant cells (TGCs), which regulate different processes to ensure proper maternal adaptations at the fetomaternal interface [18] . Besides the production of different hormones and cytokines, TGCs invade the maternal compartment, a process necessary to achieve maternal blood supply. This process is hallmarked by a switch from a diploid proliferative to a polyploid invasive phenotype that starts to invade the placental canal and spiral arteries. Meanwhile, it has been demonstrated that the lineage develops at least four different subtypes of TGCs with defined cell lineage origins. Their development is regulated by a wide variety of factors, and each of these subtypes is differentially regulated [18] . Recently, it has been shown that ablation of the trophoblast precursor marker gene Tpbpa resulted in a drastic reduction in the formation of three trophoblast cell types, the canal lining trophoblast, the spiral artery lining trophoblast, and the glycogen trophoblast cells, resulting in a decrease in spiral artery diameter and death in utero [19] . This study gives evidence that subtypes of TGCs are probably a critical precondition for transforming the spiral arteries into dilated sinusoid-like vessels to ensure maternal blood supply.
It remains elusive whether mouse trophoblast invasion can be triggered by low oxygen, shown by Rosario et al. [20] in the rat. In mice, although precise oxygen concentrations during implantation and placentation are unknown, placental development depends on hypoxia inducible factor (HIF)-mediated response to the low oxygen environment and severely influences lineage development, as reviewed by Dunwoodie [21] . Adelman et al. [22] and Cowden Dahl et al. [23] have impressively demonstrated by generating different knockout mice that the key regulators of oxygen-dependent gene expression HIF-1A and -2A (EPAS1) and the constitutively expressed dimerization partner aryl hydrocarbon receptor nuclear translocator (ARNT) regulate trophoblast differentiation. Arnt À/À mice display a reduced placental labyrinth and spongiotrophoblast layer and an increased number of giant cells and thus resemble the placental phenotype observed in Cx31-deficient mice [15] . The TSCs of Arnt-and Hif-1a-deficient mice confirmed that the null mutations avert the development of the spongiotrophoblast lineage but showed enhanced TGCs [22, 23] .
In this study, we extended our findings about the influence of the CX31 channel on lineage differentiation [17] , hypothesizing that the channel regulates the specification of the different giant cell subpopulations. Loss of CX31 in TSCs altered the giant cell subtype differentiation independent of the oxygen environment. However, Cx31 À/À TSCs lose their ability to sense oxygen with regard to the expression of different lineage marker genes such as the progenitor regulator Tfap2c, formerly named AP-2gamma. Thus, CX31 channels seem not only to regulate lineage development but in addition modulate the sensitivity to low oxygen concentrations.
MATERIALS AND METHODS

Isolation of Embryonic Fibroblasts and Preparation of Conditioned Medium
C57BL/6J mice were obtained from the breeding colony of the animal facility at the University Hospital Duisburg-Essen, Germany. All procedures were performed according to the laws for animal protection and with authorization from the state.
Mice were maintained in a well-controlled pathogen-free environment with regulated 12L:12D cycles and had access to food and water ad libitum. Embryonic mouse fibroblasts (EMFI) were isolated from dissected E12.5-14.5 embryos and mitomycin C (Sigma-Aldrich, Taufkirchen, Germany) arrested as described by Nagy et al. [24] . EMFI-conditioned medium (EMFI-CM) was prepared from arrested fibroblasts as described by Kibschull and Winterhager [25] .
Trophoblast Stem Cell Culture and Treatments
Wild-type (wt) and Cx31-deficient TSC lines derived from blastocysts have been established by Kibschull et al. [17] [Invitrogen] , 100 U/ml penicillin, and 100 lg/ml streptomycin [Invitrogen]). TSC lines were maintained in the undifferentiated state, using 75% EMFI-CM, 25% TSC medium, 25 ng/ml fibroblast growth factor 4 (FGF4; PeproTech, Hamburg, Germany), and 1 lg/ml heparin (Sigma-Aldrich). Cells were incubated at 378C under a saturated humidified atmosphere in a Nuaire incubator (Plymouth, MN) with 20% O 2 and 5% CO 2. For proliferation and differentiation experiments, cells were cultured until approximately 75% confluence. Afterward, the undifferentiated cells either remained in the normoxic incubator or were transferred to a low oxygen atmosphere for up to 7 days. To achieve low oxygen conditions, TSC cultures were maintained at 378C in a Heraeus tri-gas incubator (Thermo Fisher Scientific, Hanau, Germany) with 5% CO 2 and nitrogen to balance for 3% O 2 concentration. After 24 h under stem cell conditions, control cells were harvested, and samples were designated Day 0. The remaining TSCs were differentiated by removal of EMFI-CM, FGF4, and heparin from the medium (Day 1, 2, 3, 5, and 7). For protein extraction, 350 000 cells per wt or Cx31-deficient clone and time point were plated in 60 3 15 mm tissue culture dishes. To detect HIF-1A the samples were cultured under stem cell conditions for 45 min and 2, 4, and 24 h under normoxia or low oxygen. For TSC treatment with dimethyloxalylglycine (DMOG; Alexis Biochemicals, Lausen, Switzerland) undifferentiated cultures were continuously supplemented with 0.5 mM DMOG for 24 h, followed by differentiation for 5 days under normoxic conditions.
Cell Proliferation Assay
A total of 50 000 TSCs were plated in a 12-well tissue culture plate either under stem cell conditions or under differentiating conditions in a low oxygen (3% O 2 ) or normoxic (20% O 2 ) environment. After 24 h, the cells that were incubated under stem cell conditions (Day 0) were harvested by trypsinization. Furthermore, the cells and the medium were collected on Days 1, 2, 3, 5, and 7 of culturing in differentiating medium. The total numbers of attached cells and detached cells were determined using a Casy cell counter (Schärfe Systems, Reutlingen, Germany). Three independent measurements were performed per day and clone. 
Annexin V Binding Assay
RNA Preparation and cDNA Synthesis
Total RNA from TSC cultures was isolated using the E.Z.N.A total RNA kit (Omega Bio-Tek, Norcross, GA). For removal of DNA contamination, 2 lg of RNA was incubated with 1 U/ll DNase I (Invitrogen). RNA was reverse transcribed using an oligo(dT) 18 primer (Invitrogen) and 200 U/ll Moloney murine leukemia virus reverse transcriptase (Invitrogen) for 1 h at 378C.
Quantitative Real-Time PCR
Quantitative real-time PCR reactions were performed in triplicate for each sample, using an ABI Prism 7300 sequence detector (Applied Biosystems, Weiterstadt, Germany). Reactions with a total volume of 20 ll contained 40 ng of cDNA, 3.75 pmol gene-specific primers, and 10 ll of SYBR Green Master Mix reagent (Applied Biosystems). PCR program settings were 10 sec at 958C, followed by 45 cycles of 5 sec at 958C and 35 sec at 608C. A melting curve analysis was arranged for determination of PCR product specificity. For each reaction, a cycle threshold (C t ) value was recorded. The mean C t value of triplicate reactions was used to determine the relative gene expression, using the comparative C t (DDC t ) method. From the mean of the C t values for each sample, the corresponding C t value of the housekeeping gene Actb (Table 1) was subtracted. The given difference (DC t ) was then subtracted from the C t value of the calibrator, also normalized to values for the housekeeping gene Actb. The gene expression is shown as X-fold change to Day 0 (undifferentiated cells) under normoxic conditions. Primers were obtained from Invitrogen, and primer sequences are shown in Table 1 .
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Western Blotting
Protein extracts were prepared with modified NETN lysis buffer (20 mM Tris/HCl, 100 mM NaCl, 1 mM EDTA, 0.4% [v/v] NP-40, and 0.1% [w/v] SDS) supplemented with protease and phosphatase inhibitor (Roche, Mannheim, Germany) according to the manufacturer's protocol. The protein content was determined by the Bradford method using the Roti-Quant kit (Carl Roth GmbH, Karlsruhe, Germany).
A total of 50 lg of total protein was separated with a 10% denaturing polyacrylamide gel and electrophoretically transferred to nitrocellulose membranes (Hybond-C Extra; Amersham Biosciences, Freiburg, Germany).
Membranes were blocked with 10% non-fat dried milk in Tris-buffered saline containing 0.15% (v/v) Tween20 (Sigma-Aldrich), followed by incubation with the primary antibody (HIF-1A; 1:100 dilution [Novus Biological, Littleton, CO], TFAP2C, 1:25 000 dilution [Epitomics, Burlingame, CA]) over night at 48C or with ACTB (1:600 dilution [Sigma-Aldrich]) antibody for 1.5 h at room temperature. An appropriate horseradish-peroxidaseconjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and ECL chemiluminescence kit (Thermo Scientific, Pittsburgh, PA) were used for detection.
Morphometric Analysis
A total of 100 000 TSCs were plated in a 6-well tissue culture plate, either under stem cell conditions (Day 0) or differentiating conditions in a low oxygen or normoxic environment. Cells of three independent differentiation experiments of three different clones were examined with a Zeiss Axiophot microscope (Oberkochen, Germany) on Days 2, 3, and 7. For documentation, a Nikon DS-U1 camera and Lucia image analysis software (Nikon, Düsseldorf, Germany) were used. For each clone and each day, trophoblast cells of three 6-well tissue culture plates were counted (100 cells per plate, on average) and diagrammed as the number of TGCs per 100 cells. Giant cells were identified because of their larger cell shape and nuclear size.
Statistical Analysis
Each three individual wt and Cx31-deficient clones were tested, and measurements were performed in triplicate. Exploratory data analysis, MannWhitney test for the nonparametric independent two-group comparisons, and a linear mixed effects model were performed with SPSS version 16.0 software for Windows (IBM, Ehningen, Germany). Probability values of 0.05 were regarded as statistically significant.
RESULTS
Low Oxygen Reduced Proliferation of wt and Cx31 À/À TS Cell Lines
To investigate the influence of low oxygen environment on TSC proliferation capacity, Cx31 À/À and wt TSCs were cultured under low oxygen (3% O 2 ) and normoxic (20% O 2 ) conditions during differentiation for a period of up to 7 days. In wt TSCs, low oxygen led to a reduced total cell number, significantly on Day 3 of differentiation (Fig. 1A) . Compared to wt, Cx31 À/À TSCs under normoxic conditions showed a delayed proliferation capacity, as previously described by Kibschull et al. [17] . Cell number was further reduced under low oxygen, significantly on Day 5 (Fig. 1B) . To rule out the possibility that the difference in cell number was due to increased amounts of detached cells or increased apoptosis, we counted cells in the supernatant and performed an annexin V binding assay on Days 3 and 5. There were no significant changes in detached cells in wt or Cx31 À/À cultures dependent on oxygen conditions (data not shown). FACS analysis of annexin V-and PI-stained cells showed no differences in apoptosis rate in wt TSCs under normoxic conditions compared to low oxygen conditions on Days 3 and 5 (Fig.  1C) . This was also true for Cx31 À/À TSCs (Fig. 1C) .
These findings indicated that low oxygen specifically decreased the proliferative capacity in both wt and Cx31-deficient TSCs independent of CX31 channels.
Low Oxygen Altered Expression Profiles of Marker Genes for Trophectoderm Differentiation
Early stem cell markers did not respond to low oxygen in Cx31 À/À TSCs. The early stem cell markers Cdx2 and Eomes are essential transcription factors for trophoblast cell lineage development [26, 27] and are required for TSC self-renewal and multipotency [28] . In the undifferentiated stage, wt TSCs responded to low oxygen with significantly downregulated transcript levels of both of the stem cell markers Eomes and Cdx2, whereas in undifferentiated Cx31-deficient cells, Cdx2 and Eomes transcript levels were maintained under low oxygen CX31 (GJB3) AND TROPHOBLAST GIANT CELL DIFFERENTIATION (Fig. 2, A and B) . However, under differentiation, transcript levels of Cdx2 and Eomes were downregulated in Cx31 À/À TSCs under low oxygen and in wt TSCs. Thus, only in the undifferentiated stage were both early stem cell markers insensitive to low oxygen when the CX31 channel was missing (Fig. 2, A and B) . However, in both wt and mutant TSC cultures, the expression of Cdx2 and Eomes was independent of the oxygen concentration during differentiation.
Spongiotrophoblast marker Tpbpa did not respond to low oxygen in Cx31 À/À TSCs. TSC lineage differentiation is strongly correlated with expression levels of defined marker genes [29] . Trophoblast-specific binding protein A (TPBPA) is a marker for spongiotrophoblast [30] and is induced on Day 5 of differentiation in wt TSCs cultured under normoxic conditions [17] . In a low oxygen environment, Tpbpa expression (Fig. 2C) was significantly increased on Day 5 KOCH ET AL. compared to normoxic conditions, an observation also made in the study by Adelman et al. [22] . Under normoxic conditions, deletion of the Cx31 gene in TSCs resulted in enhanced and accelerated Tpbpa expression, with a marked increase on Day 5 [17] , which was confirmed in our study (Fig. 2C) . To our surprise, there was no upregulation of Tpbpa expression in Cx31-deficient TSCs under low oxygen in contrast to that in wt TSCs (Fig. 2C ). This indicates that unlike wt TSCs, TSCs lacking the CX31 protein were incapable of expanding the spongiotrophoblast population under low oxygen conditions.
Accelerated and Enhanced Differentiation of Giant Cells in
To test whether reduced proliferation correlates with accelerated differentiation of the TSCs with and without CX31, morphology and amounts of giant cells were evaluated during differentiation under normoxia versus that under low oxygen (Fig. 3) .
While wt TSCs switched from epithelial clusters to more elongated spindle-like cells under low oxygen (Fig. 3, A and  B) , Cx31-deficient clones remained in a cobble stone-like pattern, intermingled with numerous TGCs (Fig. 3, C and D) .
Evaluation of the amount of TGCs shown on Day 2 and even more prominently on Day 3 of differentiation a significant acceleration of giant cell formation in the Cx31 À/À TSC cultures compared to that in wt TSCs under both oxygen conditions (Fig. 3E) . On Day 7, independent of oxygen conditions, the numbers of TGCs in wt and Cx31-deficient TSCs were readjusted (Fig. 3E) . Thus, there is no correlation between the time course of Tpbpa elevation during differentiation and the amount of giant cells in Cx31-deficient TSC cultures.
Altered Giant Cell Subtypes in Cx31 À/-TSCs
These findings imply that under low oxygen, Cx31-deficient giant cells developed from other lineage precursors [18] and could be identified by a different gene expression pattern. Therefore, we analyzed the expression levels of the different giant cell markers.
First, we investigated the cyclin-dependent kinase inhibitor Cdkn1c because Cdkn1c regulates the cell cycle of trophoblast cells and is an indicator of differentiation into giant cells [4] . Cdkn1c expression was upregulated in Cx31-deficient TSCs under normoxia and low oxygen conditions throughout differentiation, indicating a lack of TSC maintenance and enhanced giant cell formation. This upregulation was more significant in mutant TSCs than in wt TSC on Day 5 of differentiation cultured in a normoxic environment (Fig. 4A) . Analysis of data using a linear mixed effects model with fixed FIG. 2. mRNA expression of the markers Eomes, Cdx2, and Tpbpa during differentiation of wt and Cx31 À/À TSCs cultured under normoxic and low oxygen conditions. Eomes (A) and Cdx2 (B) were already decreased at the beginning of the differentiation process under low oxygen conditions in wt TSCs. In Cx31 À/À TSCs, low oxygen did not affect the high expression of both early stem cell markers in the undifferentiated state. Expression of the spongiotrophoblast marker Tpbpa (C) was significantly increased on Day 5 in wt TSCs under low oxygen conditions. This observation could not be observed in Cx31 À/À TSCs. Data are means (6SEM). *P 0.05.
CX31 (GJB3) AND TROPHOBLAST GIANT CELL DIFFERENTIATION
groups revealed that the Cdkn1c expression level in Cx31 À/À TSCs was significantly higher under normoxic conditions (P ¼ 0.000) and under low oxygen conditions (P ¼ 0.005) than in wt TSCs. Expression level of Cdkn1c was significantly reduced under low oxygen conditions compared to that under normoxia (P ¼ 0.019) in Cx31 À/À TSCs. Thus, in Cx31 À/À TSCs, the upregulation of Cdkn1c expression was more moderate under low oxygen (Fig. 4A) .
To identify the different TGC subtypes and to analyze whether these subtypes were dependent on oxygen content and changed by loss of CX31, we extended our investigations using members of the prolactin family, PRL3D1, PRL2C2, and PRL3B1, and the cysteine protease cathepsin Q (CTSQ). PRL3D1 is a hormone-specific to parietal TGCs (P-TGCs) [31] , whereas CTSQ is unique to sinusoidal TGCs (S-TGCs) [18] . Compared to wt TSCs cultured under normoxic conditions, low oxygen significantly increased Prl3d1 transcripts from Day 1 until the end of the differentiation period, with a strong increase on Day 5 (Fig. 4B) . This indicated an early and enhanced induction of TGC differentiation owing to low oxygen. To our surprise, Prl3d1 expression was not altered in Cx31-deficient clones under low oxygen conditions and was even significantly lower on Day 5 (Fig. 4B) . Instead of Prl3d1, Prl2c2 expression was strongly elevated in Cx31 À/À TSCs cultured under normoxia and to a lower extent under low oxygen compared to that in wt TSCs (Fig. 4C) . Mixed model analysis revealed a significantly enhanced Prl2c2 expression in Cx31 À/À TSCs compared to that in wt TSCs under normoxic conditions (P ¼ 0.022). Considering only Cx31 À/À TSC cultures, the Prl2c2 expression level was significantly reduced under low oxygen compared to that under normoxia (P ¼ 0.031) (Fig. 4C) . Expression of Prl3b1 increased during differentiation in wt TSCs and in Cx31 À/À TSCs independently of oxygen conditions (Fig. 4D) . Similar to Prl2c2, Ctsq was significantly enhanced in Cx31-deficient clones on Day 5 of differentiation (Fig. 4E) . These results suggest that Cx31-deficient TSCs predominantly differentiate in Prl2c2 þ Prl3b1 þ Ctsq þ TGC types combined with elevated levels of Cdkn1c but with very low levels of Prl3d1.
These findings confirm that the loss of CX31 altered the giant cell differentiation pathway with a shift from parietal TGCs to sinusoidal and canal-lining TGCs. Remarkably, the enhancement of Prl2c2, Prl3b1, Ctsq, and Cdkn1c was less pronounced under low oxygen, again pointing to a loss in oxygen-sensing ability (Fig. 4) .
TFAP2C, a Progenitor Regulator in the TGC Differentiation
Process, Did Not Respond in Cx31 À/À TSC Because low oxygen regulated TSC lineage of wt and loss of CX31 modulated lineage differentiation under normoxic and low oxygen conditions, we evaluated the expression pattern of TFAP2C, a key molecule that keeps the balance in trophoblast lineage differentiation and is involved in TSC specification and maintenance [31, 28] . Tfap2c revealed downregulated expression levels in Cx31-deficient TSCs under normoxic conditions compared to that in wt TSCs and was significant on Days 1 and 5 ( Fig. 5A) . At the protein level, downregulation of TFAP2C was less pronounced under normoxic conditions; however, there was a significant downregulation of TFAP2C on Days 0 and 5 (Fig. 5, C and D) .
Under low oxygen, Tfap2c expression levels were markedly increased in differentiating wt TSCs (Fig. 5B) , whereas low oxygen conditions had obviously no effect on Tfap2c levels in Cx31 À/À TSCs (Fig. 5B) . Reduced expression of Tfap2c could be confirmed at the protein level during differentiation, and was significant from Day 3 onward (Fig. 5, E and F) . In undifferentiated wt TSCs, mRNA levels of Tfap2c were low but increased during differentiation under both oxygen conditions. To our surprise, a high protein expression level already existed on Day 0. This may have been due to the higher stability of protein in contrast to that of mRNA, which endured the plating procedure.
Role of HIF-1A in Low Oxygen-Mediated Response of TSCs
To investigate whether HIF-1A is the key factor that mediates the change in expression pattern of TSCs under low oxygen, stabilization of HIF-1A protein in undifferentiated wt and Cx31-deficient TSCs was determined (Fig. 6, A and B) . The cells were cultured under TSC conditions for 2 h under normoxic and under low oxygen conditions. The HIF-1A 
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protein level was strongly increased in wt TSCs after 2 h of low oxygen (Fig. 6A) and declined to normoxic level after 4 h (data not shown). Thus, in wt TSCs, low oxygen results only in a transient stabilization of HIF-1A. Surprisingly, in Cx31-deficient TSCs, HIF-1A protein was not stabilized after 2 h under low oxygen. To test for a shift in time frame, we extended our observations. As shown in Figure 6C , there was no change in HIF-1A stabilization in Cx31 À/À TSCs between 45 min and 24 h. The expression level observed under normoxia was maintained. Taken together, loss of Cx31 resulted in nonresponsiveness of TSCs to low oxygen.
Because HIF-1A protein is degraded through the pVHLmediated ubiquitin-proteasome pathway, we examined the effect of DMOG, a competitive inhibitor of 2-oxoglutaratedependent prolyl-hydroxylases [32] . All three subtypes of prolyl-hydroxylases were detected in TSCs (data not shown). For comparison with the hypoxic situation, the HIF-1A protein was evaluated 2 h after supplementation with DMOG. Like TSCs under low oxygen, DMOG-treated wt TSCs showed a decrease in the early stem cell marker Eomes (Fig. 7A) in the nondifferentiated state and a strong increase in expression   FIG. 4 . Influence of low oxygen on mRNA expression of TGC markers in wt and Cx31 À/À TSCs. Expression of Cdkn1c, a cyclin-dependent kinase inhibitor, was significantly upregulated in Cx31 À/À TSCs on Day 5 under normoxic conditions (A). Low oxygen enhanced expression of Prl3d1 in wt TSCs. Cx31-deficient TSCs showed no further increase of Prl3d1 expression (B), whereas Prl2c2 was significantly upregulated under low oxygen conditions in Cx31 À/À TSCs on Day 3 of differentiation. Under normoxic conditions Prl2c2 was significantly upregulated on Day 5 (C). Prl3b1 expression increased steadily during differentiation in wt and Cx31 À/À TSCs independent of oxygen condition (D). Expression of Ctsq, a lysosomal cysteine protease, was significantly upregulated in Cx31 À/À TSCs on Day 5 under normoxic conditions just as Prl2c2 (E). Data are means (6SEM). *P 0.05. (Fig. 7B) and Tfap2c (Fig. 7C ) and the TGC marker Prl3d1 (Fig. 7D) in the differentiated state.
CX31 (GJB3) AND TROPHOBLAST GIANT CELL DIFFERENTIATION levels of Tpbpa
These experiments indicate that low oxygen represses proliferation and induces enhanced giant cell differentiation. Deletion of Cx31 resulted in a shift of giant cell subtype differentiation characterized by upregulation of Ctsq, Prl2c2, and Prl3b1, repression of Prl3d1, and elevated levels of Cdkn1c. Exposed to low oxygen conditions, Cx31-deficient TSCs revealed higher levels of the early differentiation markers Eomes and Cdx2 in the undifferentiated stage. Most strikingly, Cx31 À/À TSCs failed to increase Tfap2c or Tpbpa expression levels in response to low oxygen.
DISCUSSION
The present study revealed that the reduced proliferation of both wt and Cx31 À/À TSCs under low oxygen conditions cannot be explained by increased apoptosis but probably by an accelerated and enhanced differentiation into the giant cell population. It is confirmed by an increase in the conventional marker Prl3d1 that wt TSCs enter into an enhanced giant cell pathway under low oxygen. Deleting CX31 resulted in an accelerated differentiation of TSCs into TGCs, which are different from the wt TSC characterized by low Prl3d1 but high Prl2c2, Prl3b1, Ctsq, and Cdkn1c expression levels. 
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Thus, unexpectedly, the loss of Cx31 in TSCs resulted in a shift of giant cell subtype differentiation but independent of oxygen levels. However, the enhancement of Prl2c2, Prl3b1, Ctsq, and Cdkn1c was less pronounced under low oxygen conditions. Elevated levels of Prl3d1 expression corresponded to elevated numbers of TGCs on Days 2 and 3 of differentiation under low oxygen in wt TSCs and elevated levels of Ctsq, Prl2c2, Prl3b1, and Cdkn1c in Cx31 À/-TSCs. However, the high expression levels of hormones such as PRL2C2, PRL3D1, and PRL3B1 at the terminal differentiation stage in TSC culture were not mirrored in an additional advanced number of giant cells. Thus, we surmise an increase in cellular expression of hormones in the TGCs under low oxygen in wt and under normoxia in the Cx31-deficient clones.
Simmons et al. [18] identified four different TGC subtypes in murine placenta that can be distinguished by different localization, cell lineage origins, marker gene expression, and regulation of differentiation [21, 22] . According to their classification, wt TSCs under low oxygen conditions predominantly run the differentiation pathway into P-TGCs lining the placental-decidual border. These giant cells are characterized by a strong dominance of Prl3d1 and pass through Tpbpa-and Tfap2c-expressing precursors. Loss of the CX31 channel, however, resulted in two different types of TGCs: first, the canal-lining type C-TGCs, with high levels of Prl2c2 and Prl3b1 expression, and second, the S-TGCs with high Ctsq and Prl2c2 expression. Moreover, one or both types of TGCs seem to be characterized by higher expression levels of Cdkn1c, a prerequisite for TGC polyploidy [33] .
Under low oxygen, the C-TGCs and the S-TGCs characteristic of Cx31 À/-lineage differentiation bypass the Tpbpaexpressing population. Both types of TGCs derive directly from precursor TSCs, probably stem cells, than differentiating through the spongiotrophoblast lineage, a phenomenon that has already been shown by others. Simmons et al. [18] described the possibility that only some TGC subtypes arose from Tpbpapositive precursor cells and that P-TGCs and C-TGCs have mixed developmental origins.
TGCs exhibit many characteristics to ensure the success of placental formation as they invade the maternal tissue to reach spiral arteries and remodel arterial walls, which enables a supply of nutrition and oxygen by continuous blood flow [34] . Thus, the enhanced differentiation pathway into giant cells is a consequence of the trophoblast lineage that focuses on the invasion process to acquire rapid access to the vessels. To our surprise, the level of Cdkn1c is only significantly elevated in the mutant TSCs. Our observations that the canal lining or sinusoidal subtype of TGCs or both express elevated Cdkn1c levels indicate higher polyploidy and thus enhanced metabolic action. Endoreduplication and escape from cell cycle is of high importance for decreasing the risk of forming tumors when TGCs are invading the vessels as discussed by Hu and Cross [19] . Moreover, expression of the prolactin family member proliferin, PRL2C2, of the C-TGC could serve as a local decidual angiogenic stimulator as shown by Ma et al. [31] , which could also apply for the S-TGCs. Thus, loss of CX31 enforces a type of TGCs that seems to have regulatory function within the decidual tissue. This could explain the placental phenotype seen in the Cx31 mutant mouse, which showed increased numbers of TGCs at Day 10 of pregnancy with highly dilated decidual sinusoids [15] . Whether these findings in vivo are not only due to enhanced differentiation but also due to a different TGC subtype pathway requires further investigation.
Besides the shift in terminal lineage differentiation, it is obvious that TSCs lacking the CX31 channel respond moderately and even not at all to low oxygen conditions. This can be assumed from remaining expression levels of the early stem cell markers Cdx2 and Eomes in the undifferentiated stage, the lower responsiveness of the giant cell markers Ctsq, Prl2c2, Prl3b1, and Cdkn1c to low oxygen, and most prominently the nonresponsiveness of Tpbpa and Tfap2c during low oxygen. Because we could show that Eomes, Tpbpa, Tfap2c, and Prl3d1 can be regulated directly by HIF-1A, we tested HIF-1A stabilization in Cx31-deficient TSC which were unable to reveal a transient stabilization of HIF-1A in contrast to the wt clones. This could explain at least in part the reduced reactivity to a low oxygen environment of the TSC-deficient cells in the Cx31 channel. Furthermore, it is known that HIF-1A activates the inhibition of oxidative metabolism and increases anaerobic glycolysis [35] . This metabolic shift is essential to ensure the energy supply for general cellular processes such as RNA and protein synthesis in moderate hypoxia. Therefore, failure of HIF-1A stabilization under low oxygen in Cx31-deficient TSCs could account for less pronounced levels of giant cell markers compared to that under normoxic conditions. As with human embryonic stem cells [36] , only a transient stabilization of HIF-1A seems to be needed to shift the cell program into another pathway. After screening the promoter regions of Tfap2c and Tpbpa and of Cx31 for classical hypoxia-responsive element (HRE) consensus sequences, we found at least one HRE in each promoter, providing the possibility that the main players might be directly regulated by HIF. Our results fit the observations of Cowden Dahl et al. [23] and those reviewed by Fryer and Simon [37] that Arnt or Hif-1a and Hif-2a-deficient TSCs are unable to generate spongiotrophoblast cells, as indicated by decreased Tpbpa levels. However in contrast to their findings that the number of Prl3d1-positive cells dramatically increased, we found in the Cx31-deficient clones an earlier onset of TGC formation in culture and also differentiation into other giant cell subtypes. This indicates that the absence of the CX31 channel leads not only to loss of oxygen sensing but, in addition, alters lineage differentiation. By now we have no concise explanation for the signaling the CX31 channel or protein contributes to the sensing of the prolyl-hydroxylases or to more downstream events of the HIF-1A degradation process. Nonetheless, placentae of Cx31 knockout mice displayed a similar but more moderate phenotype than that of Hif-1a Hif-2a double knockouts, with loss of the spongiotrophoblast and enhanced giant cell formation [15] .
A complex network of lineage-specific genes is needed for the appropriate spatial and temporal differentiation pathways of the trophoblast to establish a functional placenta [29, 38] , but less is known about this networking and how it is influenced by environmental factors such as oxygen tension.
We propose that the transcription factor TFAP2C has a critical role in changing cell lineage in response to oxygen concentrations as Tfap2c was significantly elevated under low oxygen in wt TSCs, whereas Tfap2c did not respond to low oxygen in Cx31-deficient TSCs. TFAP2C is strongly involved in establishing the placenta, and its deletion led to an early death of embryos around E7.5 due to a failure of extraembryonic lineages to further develop into a placenta [39] . In later stages of placental differentiation, TFAP2C seemed to play a role in the development of TGCs [40, 41] and in maintaining stem cell potential as a source for trophoblast lineage differentiation [42] . The reduced levels of TFAP2C could be the key regulator for loss of stem cell potential and reduced spongiotrophoblast formation.
In the present study, we provide evidence that in wt TSCs, low oxygen probably mediates an enhanced differentiation into KOCH ET AL. the P-TGC pathway via HIF-1A, running through Tfap2c-and Tpbpa-expressing precursors. Because loss of CX31 leads to other giant cell subtypes, probably C-TGCs and S-TGCs, the CX31 channel seems to play a role in this regulation. Mutant TSCs failed to upregulate Tfap2c and Tpbpa under low oxygen, which supports a direct differentiation of stem cells into giant cells by bypassing the spongiotrophoblast differentiation lineage. Thus, CX31 seems to act in a concert with HIF-1A and TFAP2C for appropriate lineage differentiation and oxygen sensing. Further experiments are needed to clarify whether TFAP2C is, in addition to CX31, responsible for cell fate decision into different TGC subtypes.
